I present a development of the scattering model of Young et al. that can reproduce the velocity resolved polarization of the scattered broad lines, along with the continuum polarization of AGN. Two possible emission models are presented, namely a rotating disc and a radially expanding shell of emission. Using known, or expected, scattering regions present in AGN it is possible to reproduce the polarization observed to be present in type 1 and type 2 active galaxies.
I N T R O D U C T I O N
The discovery that the archetypal type 2 Seyfert galaxy, NGC 1068, harbours broad permitted lines in its polarized flux spectrum (Antonucci & Miller 1985) has led to the development of the unified theory of active galactic nuclei (AGN). This theory holds that there is basically only one type of active galactic nucleus, possessing a compact strong, featureless continuum source and broad-line region (BLR), encircled by a geometrically and optically thick dusty torus. In addition to these components, a more extended narrow-line region (NLR) exists along the polar regions of the torus. When an observer's line of sight is within the torus funnel, all three emission regions are directly visible and the object is a type 1, whereas at other lines of sight only the NLR is directly observable and the object is a type 2. However, radiation from the obscured regions can be scattered into the line of sight and be observable in the polarized flux spectrum (see Antonucci 1993 for a more detailed review). A similar orientation with the obscuration model has also been suggested to unify broad and narrow-line radio-loud objects (Barthel 1989; Padovani & Urry 1992) , and to explain the blue continuum aligned to the radio axis as a result of scattering (Tadhunter et al. 1988) .
The first physically representative modelling of the polarization properties of AGN (Miller, Goodrich & Mathews 1991) indicates that NGC 1068 is an average luminosity Seyfert 1, with the scattering occurring in the cone-shaped illumination region defined by the torus opening angle, with the scattering medium being warm electrons. This modelling also indicates that the continuum source in NGC 1068 is intrinsically anisotropic. To date, the majority of the authors modelling the polarization properties of AGN have concentrated on type 2 objects, with many using the formulations of Brown & McLean (1978) to parametrize the scattering in these objects (e.g. Goodrich & Miller 1989; Hines & Wills 1993) . The more involved case of dust scattering in the Mie regime has been considered for radio-loud objects (Cimatti et al. 1993) . If the unified theory is correct, then the underlying source spectrum in type 2 objects is a bare Seyfert 1, and modelling the scattering of such a source spectrum was carried out by Young et al. (1995) for NGC 1068 and for other objects, including powerful IRAS galaxies (Young et al. 1996a,b,c) . This modelling shows that scattering alone cannot account for the polarization properties observed at optical and near-infrared (near-IR) wavelengths, with an additional polarimetric component being required in the latter wavelength regime. This additional polarimetric component was successfully modelled as radiation from the near-IR emission region being dichroically polarized by aligned grains in the torus.
These models, whilst successfully accounting for the type 2 polarization properties, do not reproduce the observed polarization of type 1 objects. In type 1 objects, the position angle of polarization is generally aligned with the illumination-cone/radio axis (Antonucci 1984; Brindle et al. 1990 ) as opposed to perpendicular in type 2 objects. If the inclination of the scattering cones in the models is reduced, i.e. the object becomes more pole-on and a type 1, then the resultant polarization reduces, as is observed, but the position angle of polarization remains orthogonal to the cone axis. Kartje (1995) modelled multiple scattering within a stratified wind and was able to produce aligned polarization at low inclinations and orthogonal polarization at high inclinations. Also, scattering within an optically thin disc also produces aligned polarization as qualitatively modelled for type 1 objects by Goodrich & Miller (1994) .
These models imply that all type 2 objects should show scattered broad lines in their polarized flux spectrum. However, systematic observations of a complete sample of Seyfert 2 active galaxies (Heisler, Lumsden & Bailey 1997) has shown that there is a sharp cut-off defined by the IRAS flux ratio f 60af 25Y with only the bluer objects f 60af 25 , 4 exhibiting scattered broad lines. These authors interpreted this as an inclination effect with a compact scattering region which is obscured at higher inclinations. This is supported by the modelling of Young et al. (1995 Young et al. ( , 1996a , which indicates that the inclination of those objects which do show scattered broad lines is only a few degrees beyond the half opening-angle of the torus.
In this paper I develop further the model of Young et al. (1995) . An extension to include extended sources was presented in Young et al. (1998) and for non-uniformly filled scattering cones in Packham et al. (1997) . Here the model is generalized, to include all the expected major components of an active galactic nucleus. The model is presented in Section 2, and the application of the model to the Seyfert 1 active galaxy, Mrk 509, is presented in Section 3. I then draw conclusions as to the validity of the model and its implications for AGN.
A S C AT T E R I N G M O D E L F O R AG N
In Young et al. (1995) we presented a scattering/dichroic model to reproduce the polarization properties of the archetypal obscured Seyfert 1 galaxy, NGC 1068, from the ultraviolet (UV) to the near-IR. This model was based on the premise that the scattering region was a cone-shaped cloud of scatterers and that the source function was that of a bare Seyfert 1. Radiation from the source was also assumed to become dichroically polarized by passing through aligned grains which were assumed to be in the torus. In this context a bare Seyfert 1 is one that shows little reddening in its broad-line ratios, and has had its stellar content removed. The Seyfert galaxy NGC 5548 was thus chosen as the source function template (Ward et al. 1987) . This model was successful in reproducing the polarization properties of NGC 1068, and was subsequently applied to other type 2 objects, including several highly luminous IRAS galaxies (Young et al. 1996a,b) . The model, using an extended source function at near-IR wavelengths and bulk motions of the scatterers in the cone, has also been successfully applied to the radio-loud object 3C 234 (Young et al. 1998) .
However, whilst this model has proved successful in reproducing the polarization properties of type 2 objects, it would not be able to reproduce the observed properties of type 1 objects (see Section 1). Therefore, here we develop a more generic model for the scattering for the radiation from an extended source, with bulk motions for both the scattering and source elements. A model that will not only reproduce the observed polarization properties of type 2 objects, but those of type 1 objects as well.
The model
As in the derivation of the model in Young et al. (1995) , we start with a single scatterer, or a small scattering volume at the origin of the scatterer-centred coordinate system x H , y H and z H (or equivalently in spherical coordinates r H , u H and f H ). The scatterer is illuminated by a source element along the vector I H (u H , f H ) as illustrated in Fig.  1 . Referring to this figure, c relates the varying values of the Stokes parameters Q and U, determined about the vector I H to that centred on the radius vector from the centre of the source to the scatterer, x is the angle through which the radiation is scattered and i is the inclination of the radius vector to the line of sight.
From van de Hulst (1957) , the elemental intensity of the radiation scattered towards the observer, for each of the Stokes parameters F S , F Q and F U are
for initially unpolarized emission. Here N is the number of scatterers in the small volume element, d is the scatterer to observer distance, k is the wavenumber ( 2pal, and i 1 , i 2 are the scattering functions. In Young et al. (1995) we assumed that the scattering regime was Rayleigh or Thompson, therefore allowing an easy relationship between i 1 , i 2 and x, leading to an analytical reduction of the above equation. Here, we wish to keep the model as general as possible and have to allow for other, more complicated, forms of the scattering functions. The angles in Fig. 1 are related using the spherical sine and cosine rules, such that U at each element have to be related to the Q and U for the sourcecentred system axis (see Fig. 2 ), such that
where N in the elemental formulation has been replaced by the position dependent number density n(r, u, f) and dV r 2 sin u dr du dfX Similar functions relate V to i o , u and f as those relating v to i, u H and f H . The angle i o is the angle of inclination of the system to the line of sight.
Thus to calculate the total scattered intensities involves an integration of the intensities from the scattering elements whilst integrating over the source geometry. It is therefore necessary to relate (r H , u H , f H ) to the source-centred system coordinates (r, u, f), such that the z H -axis lies along the origin of the system axes to the scattering element vector, whilst x H lies in the z H -line of sight plane. This formulation is given in the Appendix. We do not assume, a priori, any relationship between the axes of the source, torus or scattering regions.
Extinction prior to scattering
To calculate the attenuation suffered by the radiation prior to scattering involves integrating the extinction cross-section encountered between the source element and the small scattering volume. By assuming that the scatterers are electrons or slow moving/stationary dust grains removes the possibility of position variable extinction cross-sections, i.e. the extinction cross-section for the scatterers is that for the emission frequency.
Referring to Fig. 2 , the scattering element has the position A(x, y, z) and the source element is at B(x s , y s , z s ) in the system frame. The line joining the two points has the form Xt B 1 tA 2 B, t 0 giving the source element position and t 1 gives the scatterer's position.
If the scattering region is, for example, cone shaped, then the intersection of the source element to scatterer vector and the scattering cone surface is given by
where u c is the half opening angle of the scattering cone and (x l , y l , z l ) is a point along the line X(t), such that x l x s 1 tx 2 x s , y l y s 1 ty 2 y s and z l z s 1 tz 2 z s . Expanding the relationship for the intersection point in terms of (x, y, z), (x s , y s , z s ), u c and t results in a quadratic in terms of t. This can then be solved to give the t that results in the point between the source element and the scatterer, and the integration to give the extinction is between t t and t 1. Similar relationships can be found for different scattering geometries, which for discontinuous scattering regions may result in several such integrations over intermediate values of t.
Extinction after scattering
In the system frame a scattering element has the coordinates (x, y, z), and in the sky frame it has the coordinates (x 1 , y 1 , z 1 ), such that
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The observer also lies along the line (x 1 , y 1 ) and thus the integration required to calculate the extinction is between z 1 and z max , where z max is the intersection of the line of sight and the scattering-region surface. Again, for discontinuous, or multiple scattering regions, it may be necessary to perform several integrations at intermediate values of z between z 1 and z max .
Movement of the scatterers
When the scatterers are moving they will alter the frequency of the scattered radiation compared to the frequency of the radiation emitted by the source. The observed frequency, n, is related to the emitted frequency (in the stationary source frame), n * , by
or, in wavelength units by
where b is the velocity vector of the scatterer, k Ã * is the unit vector along the source element to the scattering element line, and k Ã is the unit vector along the line of sight from the scattering element.
Here, for simplicity, we shall assume that the scatterers have radial or rotational motions, or a combination of both. The components of the radial velocity vector are b r b r sin u cos fY b r sin u sin fY b r cos u, where u and f are the polar angles of the velocity vector and the scattering point in the system frame. Likewise, the components of the rotational velocity vector are b ro 2b ro sin fY b ro cos fY 0.
The vector connecting the source element to the scattering q 2000 RAS, MNRAS 312, 567±578 Figure 2 . The source-based coordinate system (x, y, z). The centre of the system lies at the origin, a source element is illustrated to be at B, whilst a scattering element is shown at A. As in Fig. 1 , E is the direction to the observer and lies in the x±z plane, i o represents the inclination of the system to the line of sight. The angle V relates the Q and U determined about z H (see Fig. 1 ) to the Q and U parameter space based about z. Downloaded from https://academic.oup.com/mnras/article-abstract/312/3/567/1023004 by guest on 19 March 2019 element is A x 2 x s Y y 2 y s Y z 2 z s and the unit vector k Ã * iŝ
where r x 2 x s 2 1 y 2 y s 2 1 z 2 z s 2 1a2 X 15
The unit vector along the line of sight is given bŷ
Therefore, the required scalar products are
The source
We have already stated that in order to test the unified theory of AGN correctly, then the spectral function of the source should be that of a bare Seyfert 1 active galaxy, and we have chosen NGC 5548 as representative. The actual source geometry, however, is a different matter. There are two popular geometries for the broadline emission region in AGN, namely emission from a rotating disc (e.g. Chen & Halpern 1989) , and emission from a partial covering factor radially expanding shell (e.g. Zheng, Veilleux & Grandi 1991). Here we consider approximations to both of these cases.
Disc emission
This emission geometry is essentially the same as that used for the extended near-IR emission region for 3C 234 in Young et al. (1998) . The source geometry is illustrated in Fig. 3 . It is assumed that the velocity of the source elements is variable with distance from the centre such that
where r di is the inner radius of the emission disc and v i is the velocity of a source element at the inner radius. Although for generality we have included the emission surface polar angle, u s , here we will maintain this at 908 to give a true disc. We shall also allow the emissivity of the disc to be a function of radius, such that the emission from a source element, S e , is
where S ei is the intensity of the emission from a source element at r di . The integrated emission from the disc at any one wavelength is set equal to the Seyfert 1 source function at that wavelength, and normalized at 5500 A Ê . The movement of the source elements will alter the emitted frequency as seen by an observer or stationary scatterer, n * from above. The actual emission frequency, n * H , is related by
where g 1 2 b 2 21a2 and thus
For a scattering element, k Ã * is as above, the unit vector along the source to scattering element line. The total velocity vector is b
where, as before, the scattering element is at (x, y, z) and the source element is at (x s , y s , z s ) and r is as defined above. The emission disc can also be viewed directly in type 1 active galaxies. In this case, k Ã * is equivalent to k Ã from above, except this time it is the unit vector along the line of sight from the source element. In this case b´k v r sin u s cos f s 2 v f sin f s sin i o 1 v r cos u s cos i o .
At each point in the integration of the scattering volume elements, the contribution from each point in the source is evaluated and integrated. Whilst numerical integration routines can be constructed to perform this integration, and indeed this was done, simply subdividing the source geometry into segments and summing the result from each segment was found to be essentially as accurate and computationally quicker. Although using sixteen source elements gave results that were usually within 10 per cent of the result from the numerical integration routine, for greater accuracy 64 source elements were usually used.
Shell emission
The shell of emission can be defined in terms of an inner and outer radius, undergoing radial outflow with a velocity v r at the inner shell radius, and having a radial dependence for the velocity of the source elements. The shell can only have a partial covering factor, typically 0.1 from models of the broad-line emission regions of AGN (Smith et al. 1981) , and this may also have a radial dependence. Also, the emissivity of the shell may also have a q 2000 RAS, MNRAS 312, 567±578 Figure 3 . The emission system geometry for the disc-like emission case. Any source element has a radial velocity v r and a rotational component v f , both of which may be a function of the radial distance from the centre of the source. The polar angle of the source emission surface, u s , has been assumed to be p/2 for the modelling detailed in the text.
Downloaded from https://academic.oup.com/mnras/article-abstract/312/3/567/1023004 by guest on 19 March 2019 radial dependence. Thus the total shell emission is given by
where cf o is the covering factor at r 1 and cf and em are the radial power law indices for the covering factor and emissivity respectively. With these integration limits the shell of emission is actually only half a shell, in conformance with an optically thick accretion disc blocking emission from its far side. Alternatively, with an optically thin accretion disc, u would have limits of 0 to p radians. Once again, the integration was actually performed by subdividing the emission shell into volume elements and summing the results within the volume scattering integration and normalizing to give the NGC 5548 continuum spectral energy distribution.
The dynamics of the radially expanding shell in terms of the frequency of the radiation actually incident on the scatterers and observed directly are the same functions as for the disc emission case above, with v f set to zero.
In addition to the continuum emission, a spectral line is included in the emission from the source, for both the shell and disc source geometries. The emission line was simply defined as a Gaussian, such that the line intensity at any wavelength l is
where a is the peak amplitude of the emission line, l o is the wavelength of the line peak and l b is the broadening factor. The full width at half maximum (FWHM) of the line is related to l b by FWHM 22ln0X5 1a2 l b and the line flux is given by p 1/2 al b .
The scattering regions
To fully reproduce the polarization properties in the optical and near-IR region of the spectrum, the model must cater for known or suspected scattering regions, in at least an approximate manner. Recent evidence (e.g. Goodrich & Miller 1994; Packham et al. 1997; Young et al. 1999) suggests that the polarization of AGN is a combination of contributions from multiple scattering regions. In Young et al. (1999) we presented a qualitative analysis of the observed polarization of the Seyfert 1 galaxy Mrk 509. For this galaxy we identified three polarization components, and since this may be a typical situation in AGN we develop the model to be able to reproduce the observations for this object.
Extended scattering cone
The most obvious inclusion to the model must be the scattering cone responsible for the dominant polarization component in type 2 AGN, or at least those objects that exhibit scattered broad emission lines in their polarized flux spectrum. In Packham et al. (1997) we presented a two cone model to fully reproduce the spatially extended scattering observed in NGC 1068. This involved an inner narrow cone of electron scatterers which was responsible for the bulk of the scattered radiation, and whose axis was angled to the polar axis of the torus. The second cone was a broader, more diffuse region, farther from the nucleus than the narrower cone. Here, for the sake of simplicity, we chose to use a single cone for this extended scattering. However, we retain the innovation presented in Packham et al. (1997) of being able to position the scattering cone at an angle to the system axis. There is substantial evidence that the scatterers in this extended cone are in bulk motion. For example, the scattered optical broad lines in the polarized flux spectrum of NGC 1068 are redshifted (e.g. Miller et al. 1991) , as are the scattered near-IR broad lines (Alexander, Young & Hough 1999) . Similarly, the scattered broad lines of IRAS 1105821131 (Young et al. 1993 ) and 3C 234 (Young et al. 1998 ) also exhibit a redshift. The most obvious way to obtain a redshift for the scattered radiation from this region is to have the scatterers in bulk radial outflow. If the scatterers are free electrons, and models of AGN polarization are consistent with this (e.g. Miller et al. 1991; Young et al. 1996a) , then the scattering cross-section is invariant with the velocity of the scatterers, and the result of the scatterer's motion is to redshift the scattered radiation. Also, for scattering of emission lines, the red wing of the line will be polarized to a greater degree than the blue wing. This effect is dependent on the scattering cone half opening angle and the velocity of the scatterers. For dust scattering, the change in scattering cross-section, owing to changes in wavelength from the Doppler effect, would have to be considered. As we have already stated, most modelling of the polarization of radio-quiet AGN suggests that electron scattering is dominant at optical wavelengths, and therefore, we will not consider further dust scattering from this region.
The torus
The dusty molecular torus, which is postulated to encircle the active nucleus, and produce the selective obscuration, which leads to the observable differences between type 1 and type 2 AGN, is a potential site for the scattering of nuclear radiation. Scattering within the torus has previously been considered in the context of AGN, for example Kartje (1995) , and evidence that torus scattering is observable, at least in some type 1 objects is presented in Young et al. (1999) . In this latter paper we explain the blue-rising polarization for Mrk 509 observed by Martel (1996) , which is aligned to the general outflow axis of this object (Singh & Westergaard 1992) , as scattering off the torus. The fact that the polarization rises at shorter wavelengths implies that the dust grains responsible are small and the scattering is in the Rayleigh regime. So here we only consider this type of scattering and leave more complicated scattering regimes, such as Mie scattering, until there is evidence to warrant its inclusion.
To represent the torus we take a flared disc, as illustrated in Fig. 4 . The number density of scatterers is defined by an equatorial radial extinction to the nucleus in terms of magnitudes of A V . Together with the assumed dust properties, the number density at the inner torus radius is calculated from the integration of the radial dependence of the number density. The dust grains themselves are taken to be small compared to the wavelength of interest, as reasoned above, and we have taken properties consistent with silicon grains (Simmons 1982) . Since it is unlikely that the torus will be of uniform density, besides the usual radial density dependence laws, we assume that the torus also has a scale height for the actual number density above and below the equatorial plane, in a fashion similar to planetary atmospheres. Also, since the torus is subject to ionizing radiation from the active nucleus, we include the possibility that the torus is partially ionized, and therefore has free electrons which can contribute to the scattering from this region. In their modelling of the spectral energy distribution of NGC 1068, Efstathiou, Hough & Young 
A compact scattering region
The requirement for a compact scattering region is based on the observations that there is a variable component to the scattering induced polarization of Mrk 509 (Goodrich & Miller 1994; Young et al. 1999 ). This component has been observed to be variable on a time-scale of approximately one year, implying a size of the order of one third of a parsec for the scattering region. This is still larger than the expected size for the BLR (e.g. Carone et al. 1996) . The variable polarization component in Mrk 509 is also the component responsible for the very broad wings to Ha in the polarized flux spectrum (see Young et al. 1999) , which leads to several possibilities: this scattering region sees an intrinsically broader line profile than the direct view and for the other polarization component scattering regions; the bulk motion of the scatterers in this region Doppler broadens the observed emission line; or thermal motions of the scatterers broadens the line. A treatment of the latter has not been included in this paper, although its effect can be simulated by allowing this scattering region alone to see a broader line profile than would otherwise have been the case. The geometry of this scattering region is undetermined and we are essentially free to choose any geometry which results in the observed polarization properties and is consistent with our understanding of AGN. Here, we model the suggestion made in Young et al. (1999) of an optically thin atmosphere to the region connecting the torus to the accretion disc. This is modelled as a flared disc (see Fig. 4) , with radial and rotational motions for the scatterers. Geometrically speaking this is also similar to a possible broad base to the outflows in AGN (Ko Ènigl & Kartje 1994) . Additionally, we allow for the axis of this region to be angled to the axis of the torus.
A P P L I C AT I O N T O M R K 5 0 9
In attempting to fit the models detailed in the previous section to a given object, perhaps the most important parameter is the inclination of the system to the observer's line of sight. Here the inclination is defined as the angle between the line of sight and the polar axis of the emission source. The importance of this parameter is that it gives the intrinsic polarization of the scattered radiation. For the narrow-line objects modelled by Young et al. (1996a,b) it was possible to identify a weak scattered broad line in total flux, and the ratio of the scattered line in polarized flux to that in total flux directly gives the intrinsic polarization of the scattered radiation. This then leads to the inclination of the system. Unfortunately this is not possible, with any accuracy, in broad-line objects, because of the direct view of the BLR which dominates the line in total flux. It is therefore necessary to define the geometry of the scattering regions and model the data to give the correct scattered flux.
The geometry of the scattering regions
It has been possible from the data to infer the presence of three major components to the scattering induced polarization of Mrk 509 (see Section 2 and Young et al. 1999) , and that the three responsible scattering regions are angled to each other. The exact relationship between the three regions to give the correct position angle of polarization is dependent on the inclination of the system. As the inclination is allowed to change, so does the projected angles between the polar axes of the three scattering regions on the plane of the sky.
Unless the scattering regions and the emission source are mixed, to a first approximation the geometry of the scattering regions is independent of the source geometry. In more detail, the different light paths for the radiation before scattering from the different source geometries may require alteration of the scattering region parameters, to increase or reduce the scattered flux for example. For convenience it is assumed that the emission region is always spatially separate from the scattering regions.
The torus
As previously detailed we have modelled the torus as a flared disc with a dust number density at the inner torus radius on the midplane (the equator) defined by an equatorial A V . Altering this number density away from the mid-plane are possible scale-height and polar angle related variations. Additionally, there is a possible variation in the dust number density with radius.
It should be noted that the model, as detailed in this paper, is a single scatter model, and therefore, for optically thick scattering regions, is of limited use. However, if the scattering region is dense enough such that the scattering is dominated by a single surface scatter, or if there is an optically thin outer envelope, then this model does have some application. Also, the model invokes dust scattering in the Rayleigh regime, and whilst the observations are consistent with this scattering function (see above) it should be noted that this is another potential limiting factor.
The defining parameter for the torus is the half opening angle for the torus surface. From statistical arguments relating the abundance of broad and narrow-line objects, this has to average ,458 (Lawrence 1991) . This, within error, is the value obtained for the opening angle of the torus of NGC 1068 from modelling of q 2000 RAS, MNRAS 312, 567±578 Figure 4 . A representation of the three scattering regions invoked for the modelling (not drawn to scale). In general, and especially for type 1 objects, it is assumed that the counter scattering cone is largely obscured by the torus and/or accretion disc and contributes little to the overall polarization. Although in the schematic the axes of the three scattering regions are shown to be in the same plane, this need not be the case.
Downloaded from https://academic.oup.com/mnras/article-abstract/312/3/567/1023004 by guest on 19 March 2019 the spectral energy distribution of this object (Efstathiou et al. 1995) and detailed modelling of the spatially resolved polarization ). In the absence of any evidence for the half opening angle of the torus in Mrk 509, I assume that it is 458. Whilst the inner radius of the torus is defined by the sublimation radius of the dust in the torus, and is expected to be of the order of 1 pc, the likely outer torus radius is a question of some debate. In the modelling of the infrared radiation from the tori in AGN some authors (e.g. Pier & Krolik 1993) have used a small torus with an outer radius of ,10 pc, although these models often require the ad-hoc addition of a far-infrared component. The self-consistent modelling of Efstathiou et al. (1995) suggest that the torus in NGC 1068, at least, is large with a diameter of ,180 pc. This large size for the torus is supported by the modelling of the spatially resolved polarization , and the observation of the silhouette of the torus against the counter scattering cone . Whilst the torus in NGC 1068 may be atypical there is evidence that the torus in IRAS 0910414109 (Hines et al. 1999 ) is also of a similar size, as is the torus imaged in absorption for NGC 4261 (Jaffe et al. 1993) , and a large torus is invoked to explain the properties of the intermediate Seyferts (Maiolino et al. 1995) . I therefore assume that the torus in Mrk 509 is similar in nature to those in these objects and take an outer radius of ,100 pc.
It is highly likely that the torus is partially ionized, at least towards its inner radius. The only modelling, so far, to take the ionized fraction into account is that of Efstathiou et al. (1995) for NGC 1068. They determined that this parameter is 10
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. This value of the fraction is taken as a starting input parameter for the modelling of Mrk 509, although it is a variable to match the observations. Efstathiou et al. (1995) also found that the radial dependence for the number density of the dust grains had to be G r 21 , in order to provide enough cool dust to reproduce the far-infrared flux. I assume that this relationship is also valid for Mrk 509. As already stated the dust number density away from the equatorial plane is dependent on a scale height. The use of this parameter is to produce enough scattered flux, from the torus polarization component, maintaining a position angle of polarization which is aligned to the polar axis of the torus. In order to produce an optically thick torus at higher latitudes the scale height has to be of the order of 1 pc. However, if the torus is too optically thick then the scattering from this region is dominated by the view of the far inner wall, which produces a polarization position angle that is normal to the polar axis, and indeed, the position angle of the integrated torus scattering can flip to this orientation.
The scattering cone
In many active galaxies, especially narrow-line objects, the emission-line and/or scattering cone are directly visible and it is possible to directly infer the projected cone half opening angle. However, there is evidence from Hubble Space Telescope (HST) images and modelling of the polarization of NGC 1068 ) that these cones are not uniformly filled, and therefore, the inferred opening angle is a lower limit. This may also arise if dynamic range effects in the imaging make it difficult to determine the true edge of the cone. Also, the observed cone is a view of the cone projected on the plane of the sky, which is a product of the true opening angle and the inclination of the cone to the line of sight. The latter of these parameters is not always known. Therefore, I allow the cone half opening angle to vary up to the torus half opening angle, or the maximum allowable size for a symmetrical cone which just touches the torus surface if the cone and torus polar axes do not coincide.
The inner and outer radii of the scattering cone are unknown variables, and may not exist! The cone may extend all the way into the source region in its inner reaches, and may simply merge with the local interstellar or intergalactic medium at its outer edge. However, for computational reasons it is necessary to define these parameters. For the most widely modelled object, NGC 1068, the inner scattering radius has been modelled as 1 pc Packham et al. 1997 ) and as ,20 pc (Miller et al. 1991) . This is indicating that, in terms of the scattered flux, the important parameter is actually the optical depth to scattering, which is a function of the inner and outer radii, the number density at the inner radius and the radial behaviour of the number density. The very dramatic cut-off in the IRAS colours between those narrowline objects which do exhibit scattered broad lines in their polarized flux spectrum, and those which do not (Heisler et al. 1997) , if a consequence of inclination of the objects, implies that the inner scattering radius is relatively small, less than the thickness of the torus. Here, I assume that the inner scattering radius is 1 pc, and arbitrarily, that the outer scattering radius is 300 times this value.
The compact scattering region
The necessity for a compact scattering region in Mrk 509 is borne out by the observed temporal variations in the degree of polarization and its position angle of the broad wings to Ha and the continuum. As explained in Section 2.6.3 I am defining this region to be a flared disc of free electron scatterers. It would seem likely that the variations observed in the polarized flux are slower than the observed variations in the direct view of the broad lines, and therefore, this scattering region must be larger than the BLR itself. Therefore, I place this region between the source and the torus. If this compact scattering region is connecting the torus to the accretion disc, or is the broad base of a bi-polar outflow, then it is reasonable that its inner scattering radius can be taken as the outer radius of the source region.
As with the other scattering regions, it is the optical depth to scattering which is the important parameter in terms of the scattered flux. However, because of the compact nature of this region, its geometry in relation to the geometry of the extended source is important in terms of the detail observed across the velocity resolved scattered broad line. The number density at the inner radius and the outer scattering radius can then be set to match the amount of scattered flux observed for this polarization component.
Since this region is, relatively speaking, compact it is likely that it is closely related to the source emission region in terms of its spatial orientation. For this reason, I have assumed that the polar axis of this scattering region and that of the source emission region are coincident.
The emission region

Disc emission
The size of the emission region is essentially defined from the observed properties of the BLR. There have been various reverberation mapping campaigns of several broad-line AGN, and these indicate that the typical size of the BLR is of the order of a light week to a few light months (Carone et al. 1996) . I have therefore chosen start values for the inner and outer radii of the emission disc of approximately these values. Again, because of the extended nature of the source, especially in relation to the compact scattering region, altering these values will alter the details of the computed polarization across the width of the scattered broad emission line.
It is assumed that the disc is in rotation about its polar axis, with a bulk velocity typical of the BLR, i.e. ,5000±10 000 km s 21 . Additionally, it is assumed that the radial dependence of the rotational velocity is Keplerian in nature, and that there is a radial emissivity that is G r 22 . The observed broad line, both from the direct view and for the scattering regions will be a function of the bulk velocity of the source elements, the angle at which the disc is viewed, and the intrinsic emission profile from a stationary source element. The latter is assumed to be Gaussian in nature with its linewidth being a free variable.
As already indicated, perhaps the most important parameter in modelling the polarization properties of an active galaxy is the inclination of the system to the line of sight, which is unknown. Thus fitting the model to the observations of Mrk 509 start by assuming an inclination. It is readily apparent that the observed polarization of Mrk 509 is relatively high for a Seyfert 1 galaxy at ,1 per cent, and thus the inclination of the system also has to be relatively high. If not, then the low intrinsic polarization of the scattered radiation would imply that the total flux spectrum would be dominated by the scattered flux. It is highly unlikely that the scattered view could compete so efficiently with the direct view of the emission regions.
With the assumed inclination of the system to the line of sight, it is then a simple matter to calculate the range of polar and azimuthal angles for the symmetry axis of the torus and the scattering cone, which would give the correct position angle for the polarization of the scattered radiation from these regions. Part of this range of angles can be immediately discounted because they result in the torus obscuring the emission regions, and hence the object would be a type 2 AGN. Some of the possible angles would also result in the torus obscuring the other scattering regions, or the polarization position angle of the scattered radiation from the torus is not aligned with its polar axis owing to optical depth effects. The fitting was then performed by altering the inclination until the gross polarization features and amount of scattered flux were matched. Then alterations to the source and/or scattering region geometries were made in an effort to match the details in the observational data. It was not possible to obtain an exact match to the data and, given the number of parameters involved in the model, it is not possible to claim that the best fit is a unique solution.
It was evident early in the fitting that the range of possible linewidths at different angles of inclination to the emission disc was not sufficient to account for the range in the emission linewidths observed in polarized flux from the data. It was not possible to match the broad wings of the scattered broad line from the compact scattering region whilst maintaining a narrow core to the line from the other two scattering regions. It was therefore necessary to allow for thermal broadening of the scattered line by hot electrons in the compact scattering region. As detailed in Section 2.6.3, the thermal broadening of the scattered line was simply simulated by allowing this scattering region to see a broader line than it otherwise would.
The resulting best fit to the 1996 August data for Mrk 509 is illustrated in Fig. 5 , and the parameters for this fit are listed in Table 1 . It is readily apparent that the gross continuum and line features are adequately fitted, although there are discrepancies in both percentage polarization and its position angle on the red wing of scattered Ha . In order to match the blue wing of the scattered line, the compact scattering region is undergoing bulk inflow at q 2000 RAS, MNRAS 312, 567±578 Figure 5 . The rotating disc model fit to the 1996 August data for Mrk 509. The panels represent, from bottom to the top, the total flux, the polarized flux spectrum, the degree of polarization as a percentage and the position angle of the electric vector of the polarization. The heavy line represents the model output, the parameters for which are presented in the text and in Table 1 , and the lighter line represents the data. . Also, to match the sharp fall in the degree of polarization and the rapid position angle swing from the blue wing to the core of the line, the electrons in the scattering cone also have to undergoing bulk inflow, this time with a velocity of 4500 km s
21
. Whilst the magnitude of this bulk motion is within the range observed in other galaxies (e.g. Robinson et al. 1999) , it is unusual in that all the other cases in which the scattered broad lines show a velocity shift, this shift results from an outflow (e.g. Miller et al. 1991; Young et al. 1993) . The necessary thermal width imparted to the scattered line from the compact scattering region, Du th 6480 km s 21 . The resultant temperature of the scattering medium, T m e Du th a16k ln 2 2X5 Â 10 5 K.
Shell emission
The gross size of the shell emission region responsible for the broad emission line must be of the same order of magnitude as for the disc emission case. Unique to the emission shell, however, is a covering factor and its possible radial dependence. Typically the shell covering factor is 0.1 (see Section 2.5.2), and for convenience I am assuming that there is no radial dependence to this parameter. The emission elements within the source are assumed to be in bulk radial outflow, and with a natural Gaussian emission profile from each source element, their velocity must also be of the same order of magnitude as in the emission disc case to produce the observed direct view of the Ha broad line.
If it is assumed that the accretion disc is optically thick, then only the line emission from the shell hemisphere on the observer's side of the accretion disc will be visible. Under these conditions, with the assumed parameters, it was not possible to match the line profile in the total or the polarized flux spectrum, and the far shell hemisphere was required to be visible.
Such a radially outflowing emission shell results in the same line profile for all possible lines of sight. Thus to produce variations in the scattered broad linewidth from the different scattering regions it is essential to include thermal broadening of the scattered line from the compact scattering region.
Fitting the model to the data was performed in the same manner as for the emission disc case, by assuming an inclination and then altering the model parameters to reduce the errors between the model output and the observations. The best model output to match the 1996 August data is illustrated in Fig. 6 , and the essential parameters are listed in Table 2. Comparison between  Tables 1 and 2 shows that most of the scattering region parameters are unchanged between the disc and shell models. The emission shell model produces a significantly poorer fit to the position angle of polarization, especially in the region of the spectrum were there is a swing in position angle from the line core to the red wing. This gentle swing in polarization position angle is relatively easy to account for with a rotating disc, which is an extended source to the scattering region.
As the intrinsic scattered line from the three scattering regions is the same, the temperature of the electrons in the compact scattering region has to be higher than in the emission-disc model, in order to match the broad-line wings in polarized flux. The best fit resulted from a thermal width equivalent to a temperature of 7X1 Â 10 5 K. One significant difference between the shell and disc models is that the electrons in the scattering cone are not in infall in the shell model. In fact, as evident from Table 2 , the best fit occurred with zero velocity. Young et al. (1999) presented three epochs of data for Mrk 509, with obvious differences in the polarization of the object between the data sets. It was shown that the observed differences followed a pattern which was repeatable, implying a systematic variation in q 2000 RAS, MNRAS 312, 567±578 Figure 6 . As for Fig. 5 , but for the case of a spherically expanding shell of emission. The parameters used to produce the model output are presented in the text and in Table 2 . the scattered flux between the three polarization components. It should, therefore, be possible to alter the parameters, in terms of the intensity of the continuum and broad line incident on the three scattering regions and reproduce the 1997 May and 1997 August epoch observations. The dominant factor in the observed polarization variations result from the compact scattering region, indeed this was the reason for invoking such a region. It is this scattering region that produces the broad wings of the emission line in the polarized flux spectrum at a higher position angle compared to the other two scattering regions.
Modelling the temporal variations in polarized flux
The observations indicate that the broader component fitted to the scattered broad line has dimmed by about 50 per cent between 1996 August and 1997 May, although it should be noted that the fitted line component contains contributions from all three scattering regions. As a starting point therefore, the scattered flux from the compact scattering region was reduced by 50 per cent, and then where necessary, the components were altered until the 1997 May and 1997 August results were matched. It should be also noted that there are changes in the direct continuum and broad line equivalent width between the three data epochs.
The results of the emission disc model fitting for the 1997 May and 1997 August data are illustrated in Figs 7 and 8 respectively. The data for these two epochs are poorer than for 1996 August, but it is evident that the observations are matched relatively well. The direct and scattered intensities from the three scattering regions relative to the first epoch modelled data are listed in Table 3 . It can be seen that the majority of the variation was indeed in the scattered flux from the compact scattering region, although to match the observed position angle of polarization it was necessary to alter the scattered flux from the torus, although to a lesser extent.
Similarly, the results for the spherical emission shell model fit to the 1997 May and 1997 August data sets are illustrated in Figs 9 and 10 respectively. Again, the contributions from the direct view and the scattering regions relative to the shell emission model results for the 1996 August data are listed in Table 3 .
The results are consistent with a major change in the flux levels from the BLR and continuum source propagating out through the scattering regions. The different spatial locations of the scattering regions reflect this change at different times. Also, the size of the scattering regions tends to smear out any rapid fluctuations meaning that only the slower and larger amplitude variations in the source emission will be reflected in the polarization.
C O N C L U S I O N S
I have presented a development of the scattering model of Young et al. (1995) in an effort to reproduce the velocity resolved polarization of the scattered broad lines as well as the continuum polarization of AGN. The model is able to accommodate movement of the both the scattering and emission elements, the latter being part of an extended source geometry. I have illustrated two possible emission geometries, namely a rotating disc and a partially filled radially expanding shell of emission. I have also presented a discussion on the possible location, type and size of various scattering regions.
The models were then applied to the spectropolarimetry data for Mrk 509 from Young et al. (1999) . Whilst it was not possible to q 2000 RAS, MNRAS 312, 567±578 Figure 7 . The figure layout is as in Fig. 5 . Here the rotating disc model fit to the 1997 May data of Mrk 509 is illustrated. The changes in the flux from the direct view of the emission regions and the incident flux on the scattering regions, relative to the model used for the 1996 August data are presented in Table 3 . produce an absolute fit to the data, or claim that the fit was a unique solution, the data were reasonably modelled using scattering regions that are known, or expected, to be present in AGN. Both the emission disc and emission shell versions of the model have discrepancies in the fit to the observations, in a pattern which seems to indicate that the actual emission geometry may have aspects of both radial expansion and rotation.
The temporal variations observed in the polarization of Mrk 509 were simply modelled by allowing the spatially separate scattering regions to see changes in the incident broad line and continuum flux. As expected the majority of the polarization variation resulted from changes in the scattered flux from the compact scattering region. The polarization variations are compatible with a major change in the emitted flux from the source regions propagating out through the scattering regions.
The model represents a useful probe into the inner unresolved regions of AGN, and the use of spectropolarimetry at different epochs is a powerful tool to aid our understanding of this important class of astrophysical objects.
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